Background: Non-invasive brain stimulation (NIBS) facilitates motor improvements post stroke.
Introduction
Hemiparesis is a common motor deficit post stroke. The affected side of the upper and lower extremities interferes with both unilateral and bilateral movements [1, 2] . Typically, an inability to generate and modulate force production in paretic limbs causes movement control impairments such as compromised motor coordination, excessive movement variability, and motor dysfunctions evaluated by clinical assessments [3] [4] [5] . After experiencing a stroke, patients frequently show less magnitude of force production when executing actions on their paretic limb in comparison to their non-paretic limbs [6, 7] . This post stroke weakness may be attributed to impaired muscles (e.g., decreased motor unit firing rate and motor unit recruitment) [8, 9] or altered brain activation patterns [10] .
Conventional rehabilitation protocols (e.g., bimanual movement training, robotic training, or power training) focusing on the recovery of affected muscles reveal evidence of robust force production improvements [1, [11] [12] [13] [14] [15] . These rehabilitation protocols facilitate improved muscle properties and motor control [16, 17] . Moreover, Harris and colleagues reported that increased paretic limb strength was significantly correlated with improvements in activities of daily living [18] . In line with these findings, stroke researchers continue to search for optimal rehabilitation protocols that effectively improve impaired muscle strength contributing to motor recovery in stroke survivors.
A highly popular avenue of stroke motor rehabilitation focuses on non-invasive brain stimulation (NIBS) techniques. Two common NIBS techniques used as stroke rehabilitation protocols are: (a) tDCS (transcranial direct current stimulation) and (b) rTMS (repetitive transcranial magnetic stimulation). Potential mechanisms underlying these NIBS techniques indicate that tDCS or rTMS may modulate cortical excitability in specific areas of the brain by Stroke, NIBS, and Rehabilitation 4 delivering low electrical current to the scalp, and this altered functional activity in targeted regions appears to contribute to motor rehabilitation [19] . For stroke patients, the interhemispheric competition model assumes that the ipsilesional hemisphere may be doubledisabled because of ipsilateral damage and/or greater interhemispheric inhibition from the contralesional hemisphere. Moreover, balancing asymmetrical brain activation between M1 (i.e., primary motor cortex) of the two hemispheres contributes to restoring motor functions in paretic limbs [20, 21] . Despite the debate surrounding the interhemispheric competition model (e.g., inter-individual variability issue) [22, 23] , many rehabilitation protocols using tDCS or rTMS are prevalent: (a) anodal tDCS or high frequency rTMS (> 1 Hz) on M1 of the ipsilesional hemisphere for increasing cortical excitability, (b) cathodal tDCS or low frequency rTMS (≤ 1 Hz) on M1 of the contralesional hemisphere for decreasing cortical excitability, and (c) bilateral tDCS (anodal tDCS + cathodal tDCS) or rTMS (high frequency rTMS + low frequency rTMS) on M1 of both hemispheres [19, 20, 24] .
Previous meta-analysis studies reported that balanced cortical activity between M1 of the hemispheres following tDCS or rTMS protocols may contribute to motor improvements in paretic limbs (e.g., various clinical assessments or activities of daily living) [25] [26] [27] [28] . However, Chhatbar and Feng pointed out that these meta-analytic findings are still susceptible to inconsistency in outcome measures as well as selection criteria [29] . Consequently, the methodological heterogeneity across individual studies may result in overestimated or underestimated standardized effect sizes [23, 30, 31] . To overcome and minimize these heterogeneity issues in previous meta-analysis studies, we conducted a systematic review and comprehensive meta-analysis by investigating the effects of NIBS on common outcome measures, paretic limb force production in stroke patients. Further, our meta-analysis only Stroke, NIBS, and Rehabilitation 5 included studies that used random assignment and a sham control group; two methodological techniques that increased the quality of our meta-analysis [31, 32] . Indeed, integrative findings from tDCS and rTMS interventions would vastly increase our understanding of the NIBS effects on stroke motor recovery and potential recovery mechanisms by including a higher number of qualified comparisons while decreasing publication bias [31] .
Thus, the current systematic review and meta-analysis addressed three leading questions: 
Materials and Methods

Literature Search and Study Selection
Based on suggestions of The PRISMA statement [33] , we performed a systematic review and meta-analysis. The computerized literature searches focused on stroke studies that reported the effect of tDCS or rTMS on force produced by paretic limbs (literature search period: June 2015 -February 2016). We did not limit the type of publications and our comprehensive search considered refereed studies, conference proceedings, and negative result studies. We systematically searched studies using three data bases: The 12 rTMS studies involved nine studies that reported one comparison out of two rTMS protocols (i.e., low or high frequency; 9 × 1 = 9 comparisons) whereas three studies Stroke, NIBS, and Rehabilitation 7 revealed two comparisons (i.e., low and high frequency: two studies; two high frequency: one study; 3 × 2 = 6 comparisons). Thus, the 15 total comparisons in the rTMS studies included: (a) high frequency rTMS on M1 of ipsilesional hemisphere: six comparisons and (b) low frequency rTMS on M1 of contralesional hemisphere: nine comparisons. Overall, our meta-analysis analyzed 29 total comparisons out of the 23 qualified tDCS and rTMS studies.
Motor Outcome Measures
The primary outcome measures for estimating force production in paretic limbs included: 
Meta-analytic techniques
We used the Comprehensive Meta-Analysis software (version 3.0; Englewood, NJ, USA) to calculate and determine meta-analytic findings. We calculated individual effect sizes based on either (a) force differences between the active stimulation and sham control groups at posttest or (b) force change in the active stimulation group from pretest to posttest. In both cases, we confirmed: (a) no significant force difference between active stimulation and sham control groups at pretest and (b) no significant force improvement in the sham control groups from pretest to posttest. Tables 1 and 2 summarize the stroke participants' information as well as tDCS and rTMS intervention parameters. Table 3 displays statistical summary data including force outcome measures, individual weighted effect sizes, confidence intervals, standardized effect size, Q statistic, I 2 , T 2 , and Egger's regression intercept. In addition, for methodological quality assessment we determined PEDro scores for each study [57] .
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Concerning the model selected for analyses, Borenstein and colleagues suggested that a fixed effect meta-analysis assumes that all studies included in the analysis are identical and have a common effect size [31] . In contrast, a random effects meta-analysis posits that effect sizes differ as a function of some causes (e.g., participants or rehabilitation protocols) and no common effect size appears across studies. Indeed, when we include studies from the published literature, the random effects model is more appropriate than the fixed effect model because (a) each study's weight is more balanced and (b) the wider standard error and confidence level of the summary effect. Thus, consistent with these conventional recommendations by a distinguished group of meta-analytic experts [31, 32] , we conducted random effects meta-analyses.
Measuring Heterogeneity and Publication Bias
Quantifying heterogeneity between comparisons involved three metrics: indicates high publication bias.
Results
Standardized Mean Difference Effect
A random effects model meta-analysis on the 29 comparisons revealed a significant overall standardized mean difference effect (effect size: ES = 0.55; SE = 0.07; 95% CI = 0.41 -0.69; p < 0.0001; Z = 7.84). This cumulative effect size value indicates a medium positive effect [31, 64] . Table 3 shows the 40 individual weighted effects for each comparison. Details for calculating an individual effect size are shown in the Supplementary Data Table 2 . The effect sizes ranged from -0.57 to 1.51 ( Fig. 2) . Given that two comparisons were greater than two standard deviations beyond the standardized mean effect size [49, 53] , we conducted an initial subsequent analysis after removing the two outliers. This analysis revealed that the standardized effect was still nearly the same medium value (ES = 0.545; SE = 0.072; 95% CI = 0.405 -0.685; p < 0.0001; Z = 7.61) as the original analysis. These findings indicate that the tDCS or rTMS protocols improved paretic limb force production post stroke.
Insert Table 3 and Figure 2 about here
Heterogeneity and Publication Bias
Variability calculations on the 29 comparisons showed low heterogeneity (Q statistic = 27.91, p = 0.47; T 2 = 0.00; I 2 = 0.00%; see Table 3 ). An original funnel plot includes a slightly asymmetrical distribution of the effect sizes (white circles) over the comparison studies.
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Moreover, imputing only two values (black circles) on the lower, left side of the original funnel plot created a symmetrical distribution [61] . As shown in Figure 3 , the trim and fill technique revealed a relatively identical standardized effect size (black diamond) in comparison to the original effect size (white diamond). Further, Egger's regression analysis failed to identify a significant intercept (β0 = -0.01; p = 0.99) indicating no relationship between the actual effect sizes and standard error (precision). Thus, we are confident in stating that there was minimal publication bias in our 29 comparisons.
Insert Figure 3 about here
Methodological Quality
As shown in the Supplementary Data Table 1 , each of the 23 studies included in our meta-analysis used random assignment (18 parallel group design studies and five cross-over designs studies) and a sham control group. The PEDro scores ranged from 5 to 11 (mean = 8.3
and SD = 1.7). A higher score indicates better methodological quality in the study. The calculated mean of PEDro score revealed good overall quality across 23 studies included in this meta-analysis.
Moderator Variable Analyses tDCS versus rTMS
The first moderator variable analysis determined the contribution of the tDCS and rTMS protocols to paretic limb force production post stroke. This subgroup analysis revealed two 
Recovery Stages
A third moderator variable analysis focused on the three post stroke recovery stages:
acute (< 1 month), subacute (1 month -6 month), and chronic (> 6 month). This classification is based on conventional and traditional recovery stages [65] . The analysis revealed significant 
Discussion
The current meta-analysis investigated the effects of two NIBS techniques (i.e., tDCS and rTMS) on a common motor outcome measure, paretic limb force production in stroke survivors.
All 23 studies included in our meta-analysis used random assignment and a sham control group.
Twenty-nine total comparisons from 23 studies confirmed that both NIBS techniques improved force production capabilities in stroke survivors. Moderator variable analyses focused on tDCS versus rTMS comparisons, two sets of stimulation protocols (i.e., increasing cortical excitability in the ipsilesional hemisphere or decreasing cortical excitability in the contralesional hemisphere), and three post stroke recovery stages (i.e., acute, subacute, and chronic). Each of the moderator variable analyses revealed positive effects of tDCS or rTMS protocols on paretic limb force.
Importantly, treatment effects of two NIBS techniques (i.e., tDCS or rTMS) administered to 530 stroke individuals revealed positive effects on paretic limb force production as indicated by a significant medium standardized effect size (0.55). In addition, a moderator variable analysis on tDCS versus rTMS supported a conclusion that both tDCS (ES = 0.44) and rTMS (ES = 0.66) improved capabilities to generate force. Restoring paretic limb force during rehabilitation is crucial for executing successful movements and improving activities of daily living post stroke [1, 18, 66] . Given that all 29 comparisons are related to the magnitude of force production (i.e., muscle strength), improvements in force production as shown by the current robust metaanalysis indicate increased muscle strength in the paretic limbs. Thus, cumulative findings Stroke, NIBS, and Rehabilitation 14 indicate that tDCS and rTMS interventions may facilitate motor rehabilitation including recovery of muscle strength in the paretic limbs.
Two sets of stimulation protocols across tDCS and rTMS revealed positive significant effect sizes. Increasing cortical excitability in the ipsilesional hemisphere (via anodal tDCS and high frequency rTMS) and decreasing cortical excitability in the contralesional hemisphere (via cathodal tDCS and low frequency rTMS) improved paretic limb force production. These findings are interpreted as support for an assumption of the interhemispheric competition theory for stroke motor recovery [20, 21] . That is, balanced cortical activities between hemispheres after NIBS techniques may contribute to motor improvements (e.g., force production capabilities) [67] . Further, these meta-analytic findings were consistent with previous systematic reviews and meta-analyses that reported benefits of the NIBS techniques on stroke motor function assessed by various clinical assessments [25, 26, 28] . Thus, the present findings extended the positive effects of NIBS techniques on stroke motor recovery as indicated by quantifying a common outcome measure, paretic limb force production.
Benefits of the two NIBS techniques on paretic limb force production appeared in each of the three post stroke recovery stages: acute, subacute, and chronic. Although several previous systematic reviews and meta-analyses reported positive effects of NIBS techniques on motor functions for the chronic stage post stroke [27, 68] , our findings indicate that tDCS and/or rTMS improved muscle strength in paretic limbs in each of the three recovery stages. One possible interpretation of these findings indicates that the positive effect of NIBS techniques on stroke motor rehabilitation may occur for individuals at the two initial recovery phases (i.e., acute and subacute) post stroke as well as the chronic stage. Stinear and Byblow argued that progress toward motor recovery may be advanced when patients received rehabilitation protocols within Stroke, NIBS, and Rehabilitation 15 six months post a stroke, during the spontaneous recovery period [69] . Specifically, the effects of neuromodulation interventions on neural plasticity and reorganization of brain activation between hemispheres may increase during the spontaneous recovery period in comparison to the chronic stage [69, 70] . Thus, further studies investigating the different effects of NIBS techniques based on post stroke recovery stages will be necessary.
Moreover, focusing on force production as a common motor function outcome measure minimized the level of heterogeneity in the current meta-analysis (Q statistic = 27.91 and p = 0.47; T 2 = 0.00; I 2 = 0.00%). Higgins and Green reported that statistical heterogeneity (i.e., variability of effect sizes across divergent studies) increases because of diversity in clinical interventions or methodologies in single studies [59] . That is, comparing findings from different outcome measures may cause an underestimating or overestimating of treatment effects in a meta-analysis [23] . However, despite the small amount of heterogeneity across our qualified studies, the random effects model further minimized the statistical heterogeneity issues surrounding standardized effect sizes [31] . Together, our random effects model meta-analyses on paretic limb force production effectively support the conclusion that tDCS or rTMS techniques shows positive effects on stroke motor rehabilitation while minimizing heterogeneity.
Two limitations are noted. First, the current meta-analysis included either flexor strength in the upper limbs or extensors strength in the lower limbs that may have different level of spasticity: more spasticity typically appears in flexors than extensors [71] . Second, given that the only two lower limb studies were included in this meta-analysis, the positive effects of NIBS techniques on lower limb strength should be treated with caution.
Although we showed clinically positive effects of tDCS and rTMS on paretic limb force, high inter-individual variability in response to NIBS techniques has been observed [23] . To Stroke, NIBS, and Rehabilitation 16 minimize inter-individual variability, developing individualized stimulation intensities is necessary. Priori, Hallett, and Rothwell reported that individualized intensities of tDCS and rTMS may contribute to increasing rehabilitation effects [72] . Indeed, Miranda, Lomarev, and
Hallett argued that constant stimulation intensities across individuals who have diverse anatomical brain structures (e.g., scalp and/or skull thickness) may cause different current flows to the brain [73] . A consequence is an increasing inter-individual variabilty and potentially adverse effects (e.g., painful stimulation). However, individualized intensities based on a spherical model of the head (e.g., modeling by scalp and skull thickness) can provide relatively equivalent current flow to each individual, and contribute to minimizing inter-individual variability and painful stimulation [73] .
Moreover, increasing interconnectivity between brain regions may be considered to optimize the efficacy of both NIBS techniques. tDCS and rTMS administered on M1 are known to facilitate local changes in M1 as well as distant changes in interconnected brain regions (i.e., premotor cortex and supplementary motor area) [22] . Given that an increased interconnectivity between M1 and other brain regions improved paretic limb functions [74] , one promising stroke motor rehabilitation approach would be investigating the effects of anodal tDCS or high frequency rTMS stimulation on multiple motor areas (i.e., M1, premotor cortex, and supplementary motor area) within the ipsilesional hemisphere.
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